T HE ALTERED DYNAMICS that can be induced in the heart by various interventions have been the subject of widespread investigation from which much useful information has been obtained. In such preparations, however, the ability to acquire data for the analysis of heart muscle mechanics on a level comparable to that available for skeletal muscle (1-6) is limited by the relatively complicated geometry of the heart and the consequent difficulty of making certain measurements. from changes in contractility or inotropism, e.g. an altered contraction from the same initial fiber length in heart muscle. The second was to acquire data on the basis of which certain of the similarities and differences between cardiac and skeletal muscle could be more concisely described. The third was to obtain and analyze the data so as to relate them in a meaningful manner to information already available on the intact heart. The relation between the velocity of isotonic shortening (V) and the force developed (P), the force-Iyelocit) relation, has been termed the most fundamental mechanical property of the contractile portion of the muscle during activity (I, 2, 4) and has been shown to apply to widelv divergent varieties of smooth (7, 8) and striated mu& (I, 2, 5, 9-I I).
In skeletal muscle, at any one muscle length and temperature, the force-velocity relation is unique, such that the maximal velocity of shortening, i.e., the velocity of shortening -the muscle would achieve if carrying no load (V,,,> , and the maximal force the muscle can develop (PO) are constant (5, I 2). On the other hand, in heart muscle it would appear that the force-velocitv relation is not constant for, Active stifness (dp/dl) of papillary muscle The muscle chamber was affixed to a heavy base plate which was placed on vibration dampers. The isotonic lever was adjusted with a Palmer stand, while the tension transducer was attached to a Brinkman micrometer 6. (Fig. 2C) , the rate of tension development and the developed tension were increased, while the time to peak tension was only slightly shortened. When norepinephrine was added to the bath (Fig. 2 D) At this point, a steeper rise in resting tension occurred.
Only above this point was significant stress relaxation seen (I 7, 18). Since it was observed empirically that maintained high resting tension produced extensive stress relaxation and damage to the preparation, excessive or prolonged extension of the muscle was avoided.
No change in extensibility was observed when the developed isometric tension was increased due either to increasing
[Ca++]o or adding norepinephrine.
As is shown in Fig. 3, increasing the length did not change the time from onset of contraction to peak tension. When [Ca++]o was increased, time to peak tension was only slightly shortened but then remained constant over the range of muscle lengths examined.
With the addition of norepinephrine, time to peak tension was more markedly shortened and, again, this remained constant over the entire range of muscle lengths studied.
Latency. 
Isotonic Shortening and Force-Velocity Relations
Force-velocity relation with constant initial length. When the muscle was allowed to contract isotonically, its initial length was set by a small load on the muscle prior to contraction, i.e., the preload. The lever stop (A.S.) was then adjusted so that subsequently increasing the load would not produce any change in initial length. The total load minus the preload constituted the afterload, since this load was not sensed until after the onset of contraction.
The plot of the force developed (P) (which in the afterloaded condition equals the total load) and the initial velocity of isotonic shortening (V) is a curve, describing the force-velocitv relation (2,6). In Fig. 4 , superimposed segments of sequential tracings of isotonic shortening with increasing afterloads are illustrated.
Initial length was determined by a preload of 0.4 g and held constant. As the afterload was increased, the muscle developed increased force to meet this load, following which shortening began. The course of isotonic shortening with increasing afterloads is shown in the upper tracings of Fig. 4 . As afterload was increased, the initial velocity of isotonic shortening and the extent .of shortening progressively decreased. Theoretically, with no load on the muscle, the velocity of shortening is maximal (V,,,) . Experimentally, the closest one can approach such a condition with heart muscle is to use the smallest preload from which a contraction occurs that produces analyzable data. Since, in accordance with the resting length-tension relation of the papillary muscle, a significant preload is necessary to establish the initial length that will produce such a contraction, V,,,, cannot be determined directly but may be estimated by extrapolation of the force-velocity curve to zero load. When the afterload is increased to where no apparent muscle shortening occurs, the isometric twitch tension is recorded (PO). The connotation of PO as used here should be noted since, as it is generally employed in describing skeletal muscle (2), it refers to the tetanic isometric tension.
In Fig. 5 , the initial velocity of isotonic shortening, work (load times shortening), and power (load times velocity) are plotted against load, which was varied by varying afterload.
As load was increased, a characteristic relation was noted between velocity of shortening and load (Fig. 5A) . With increasing load, velocity of shortening ( Fig. 5A ) and shortening ( Fig. 5R) progressively decreased. Work, on the other hand (Fig. 5C ) increased with increasing load, reaching a maximum at a load approximately 40 70 of isometric tension. With further increases in afterload, work declined, reaching zero when the load was too large to allow shortening.
In such experiments, work has been calculated using total load. Subtraction of the preload from the total load, in calculating work, as suggested by Buchthal et al. (I I), reduced total work but yielded a qualitatively similar curve. However, calculation of work using total load was used since once shortening has begun, the preload as well as the afterload must be moved by the contractile element and hence should be considered for work calculation. Power (load times velocity) was also noted to be dependent on the load in a similar manner to work (Fig. 50) .
Effect of varying initial length on force-velocity relation. The effect of increasing initial length on the force-velocity relation of the muscle is illustrated in Fig. 6 , in which initial length was increased by increasing the preload in a stepwise manner.
With each increase in initial length, a new curve was obtained yielding a series of force-velocity curves which, when extrapolated to zero load, produced a general convergence to a common V maX (Fig. 6A and Fig. 7 ). This convergence was observed in all twelve such experiments. Figure 7 shows a family of force-velocity curves demonstrating that, as would be expected from the resting length-tension relation, the shift to the right of the force-velocity curve diminishes at the higher preloads, since a smaller increment in initial length occurs for any given preload increase in that range.
E$ect of varying initial length on relations between load, work, and power. At any given initial length, with con- (Fig. 5C, 0) . A s initial muscle length was increased (Fig. 8) , the maximal work the muscle could perform as well as the load at which this maximal work was performed, were both increased. At any one load, increasing initial muscle length increased the work accomplished and, by increasing the velocity of shortening at that load, increased the power of the muscle as we1 (F g When preload, initial length, and afterload were held constant, the rate of tension development (dp/dt) and the velocity of shortening (v or dl/dt) could be changed by varying the frequency of contraction (Fig. gA) , increasing
[Ca++]o (Fig. gB) , or the addition of norepinephrine (Fig. gB) . If, during activity, changes in the elastic compliances of the muscle were not changed by the inotropic intervention, it would be anticipated that a constant relation would remain between the velocity of shortening a.nd the rate of force development at any one afterload. l As in Fig. g and Table I , this was l At any one afterload, the active modulus of elasticity (dp/dl) can be calculated, since dp/dt = dp/dl X dl/dt, where dp/dt = the rate of force development and dl/dt = the velocity of shortening. In panel IA, it can be seen that as frequency of contraction was increased there was an increase in V max. At lower frequencies there was also an increase in PO, but, as frequency was further increased, V,,l:ls increased with little or no increase in PO. Further, with increasing frequency, shortening and hence work increased at any one afterload. However, with con-. tinued increases in rate, a point was reached where, despite further increases in the velocity of shortening, an increase in shortening and thus work were not seen. From Fig. gA it can even be seen that a decrease in shortening may actually occur at high frequencies and hence a decrease in calculated work may actuallv be observed, despite a continued increase in V,,,:,,: At higher frequencies, however, the influence of inadequate re .axation and relative tissue hypoxia enters consideration.
When norepinephrine was added to the bath (Fig. IO,  panel 2 ), an increase in both Vm,x and PO was observed. When [Ca++] o was increased (Fig. I o, panel 3) there was also an increase in both Vm,, and PO, but, unlike the results obtained with norepinephrine and with increased frequency, there was generally a parallel shift of the (Fig. IO, 2B and 3B) and thus the work at any one afterload (Fig. IO, 2C  and 3C ). With all these interventions, the muscle was also more powerful at any load as velocity was increased. Further, norepinephrine and increased calcium increased the maximal work that the muscle could do and also increased the afterload at which this maximal work was performed.
In Table 2 , these results are briefly summarized.
DISCUSSION
Force-velocity relations. Abundant evidence has been obtained in skeletal muscle for considering the fundamental unit of muscle as an active contractile element in series with a passive elastic corn ponent (2). Act ording to Hill (4), the most fundamental proper mty of the active contractile component is the characteristic hyperbolic relation between the velocity of shortening (V) and the developed force (P) (2). It is the readiness with which heart muscle can alter its force-velocity relations under the influence of changing frequency of contraction and altered chemical environment which allows for changing contractility of the myocardium and reveals a basic difference between heart and skeletal muscle. Two important generalities can be made about heart muscle. The first is that an increase in muscle length induces an increase in the force of contraction This generality also applies to skeletal muscle (22-23). In the present study, it has been demonstrated that with increasing fiber length the increase in force (PO) is engendered without a change in V,,,. V,,, thus helps to define and quantify the basic state of cardiac muscle, i.e. its contractility.
Whether or not this constancy of V max with changing length also applies to skeletal muscle is as yet unclear (I I, 24).
The second generality about heart muscle is that, at any one muscle length, 5, I 2 j. Since the length-tension relation of the series elastic element of heart muscle is nonlinear (I 3), the form of the isometric twitch will be a complex function of the force-velocity relation, the compliances of the muscle, and the duration of full activity of the muscle (3). From the observations of the constancy of the active modulus of elasticity (active stiffness) of heart muscle at any one length and load, it would appear most unlikelv that changes in elastic compliances participate in inotropic changes. It should be further noted that twitch potentiation might result from prolongation of the duration of contraction with an unchanged rate of force development (dp/dt), such as has been observed with skeletal muscle (5, 24). However, in marnmalian heart muscle, prolongation of twitch duration or the duration of contractile activity is not observed with physiological inotropic interventions (I 4). On the contrary, inotropic interventions are generally accompanied by some shortening of the duration of contraction. Thus, changes in the rate of force development at any one muscle length should be a function of changes in the force-velocity relation alone, provided that changes in the synchronicity with which the contractile elements are activated does not take place (26) .
A potential limitation arises when the force-velocity equation of Hill (2), which was originally formulated for skeletal muscle in terms of tetanus tension, is applied to the twitch, since heart muscle cannot be tetanized (I 9). In the skeletal twitch, isometric tension falls short of tetanus tension due to a limitation of activation time (4). It is probable that this also occurs in the heart muscle twitch, but the extent to which the twitch approaches a theoretical tetanus tension is not known. However, the use of reduced temperatures (20-23 C), which prolong the duration of activation of the muscle with only a small decrease in the rate of tension development (I 4), may allow the twitch to approach tetanic tension. Further, an inability to attain PO with any assurance makes calculation of the constants a and b for the Hill equation somewhat hazardous. Nevertheless, a good measure of V Max can be attained and a reasonable estimation of the entire force-velocity curve empirically made. Some theoretical implications Theoretical considerations.
force-v .elocity rel .ation are ted bv Podolskv (27) that of interest. v nlax ma) of It alteration s of the has been postula be considered as an experimental measure of the absolute rate of the force generating process of the muscle, while PO is a function of the number of active tension-generating con tractile sites. Podolskv ha s further t heorized that a fixed amoun t of a n activati "g substance per con .tractile unit may be released with the onset of activation and consumed at a rate dependent on V,,, (27) .
When this substance is consumed, relaxation ensues. Thus, increasing muscle length which increases PO without a change in V,,, may be the result of making more qualitatively similar contractile sites available for interaction without changing the rate of this interaction. The constancy of V,,,., with changing muscle length is consonant with the view that no change in the absolute rate of force generating processes of the muscle has occurred.
Further support for the constancy of V,,,, is found in the lack of change in the time to peak isometric tension or the duration of contractile activity (I 4). This view would also be in accord with Huxley's theoretical model of the contractile process (28). In contrast, an increase in V,,, accompanies an inotropic intervention.
An inotropic intervention, whether increased frequency or an altered chemical environment, thus implies an acceleration of the rate determining process of the muscle (27) . An accompanying change in PO, whether induced by activation of more contractile sites or a further activation of the same units, helps to define the form of this inotropic intervention. The underlying phenomena that allow for this change in the rate of mechanochemistry of the muscle are a matter of speculation.
It would appear, however, that membrane phenomena, which somehow couple excitation and mechanical response, mediate both the rate of mechanochemistry and the duration of activity (16).
It should be noted that in skeletal muscle, adrenaline may also increase twitch tension. However, this results from prolongation of the duration of contraction or the active state without a change in tetanic tension (PO) or an alteration of the force-velocity relations of the muscle (29) . Similarly, when calcium is altered over wide ranges, skeletal contraction is unaltered (30) . It is thus evident that skeletal muscle may modulate force by the duration of contraction but, unlike heart
